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(37) ABSTRACT

The present mvention includes a method for generating a
model of a circuit having an input port and an output port.
The method determines an amplitude for current leaving the
output port at a frequency w, when a signal that includes a
carrier at w, plodulqted by a 31gn:‘511 V(1) 1s mnput to the input
port, wherein w, 1s a harmonic of w,. The determined
amplitude 1s used to determine values for a set of constants,
a®, such that a function f(V,a"*) provides an estimate of the

current, 1.(t), leaving the output port at a frequency o, when
a signal having the form

V(1) = Re Z Vi (Dexp(jw, 1)
k=1,H

1s mnput to the mput port. Here V(1) 1s a component of a set
of values V. The f(V,a") are used to provide a simulator
component adapted for use in a circuit simulator.
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METHOD FOR GENERATING A CIRCUIT
MODEL

FIELD OF THE INVENTION

The present invention relates to computer programs for
modeling electronic circuits on a computer.

BACKGROUND OF THE INVENTION

The complexity of modem integrated circuits and the high
cost of fabricating prototypes has led to the development of
a class of computer programs that simulate the operation of
a circuit. These simulators aid the designer in determining
the proper bias voltages to be applied to the various com-
ponents and 1n verilying the operation of the circuit before
resources are committed to the fabrication of prototypes.

The circuit to be simulated 1s typically described in terms
of a list of nodes and the components connected to each
node. The user may actually provide a net list or a graphical
representation of the circuit from which the program derives
the net list. Each component may be viewed as a device that
sources or sinks a current whose amplitude and phase are
determined by the voltage at the nodes to which it 1s
connected, and possibly, by the previous voltages at the node
in question.

The simulation program finds the set of node voltages that
lead to a circuit 1n which the sum of the currents at each node
1s zero. This 1s the voltage at which the currents provided by
components that are the source ol currents i1s exactly
matched by the currents sinked by the remaining compo-
nents. Each component 1s described by a subroutine that
provides the current sinked or sourced by the component in
response to an mput voltage. As will be explained in more
detail below, the component subroutines may also provide
the first derivatives of the current with respect to the node
voltages. In addition, the output of a component subroutine
may depend on the history of the node to which the
corresponding component 1s connected. For example, if the
component contains inductors or capacitors, than the current
will depend on the node voltage and the rate of change of the
node voltage with time. The rate of change of the node
voltage may be computed from the previous values of the
node voltages, 1.e., the “history of the nodes”.

Unfortunately, modem integrated circuits and systems
have become too complex to permit complete simulation of
the non-linear behavior at the transistor level of description.
The number of nonlinear functions that must be solved
simultaneously 1s too large for the simulator to determine a
convergent solution 1 a reasonable time, if at all. This
problem presents a significant productivity bottleneck for
design engineers. A solution to this problem 1s to design at
a higher level of abstraction, using behavioral models of the
nonlinear components or ICs 1n the circuit or system. In
principle, the behavioral models can represent the relevant
nonlinear electrical behavior of the components with sufli-
cient accuracy, yet they are simple enough to allow rapid
simulation.

The behavioral model 1s a description of the electrical
behavior of the device, circuit, or sub-system that permits
the circuit simulation to perform 1n a manner that represents
the actual circuit behavior 1n a correct manner, in the given
simulation conditions. The simulation environment oiten
imposes constraints on what the circuit simulation can
predict. For example, a simple linear model of a real
nonlinear component will be able to imitate the actual
component’s behavior in a small-signal stimulation, but will
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be unable to predict the component’s behavior under con-
ditions where the drive signal to the component 1s large
enough to excite the nonlinear behavior. Yet the linear model
will allow the small-signal simulation to run quickly. The
lincar model 1s therefore an accurate description of the
component within the limitations of small-signal conditions,
and most suitable for such simulations.

Models of nonlinear components such as transistors gen-
erally comprise several equations that describe the physics
or terminal electrical properties of the transistor. These
equations include nonlinear diflerential equations that
account for the reactive elements 1n the devices or circuits.
Historically these equations are written as time-domain
equations. The simulators solve the nonlinear equations by
iteration at each time-step in the solution, converging to an
answer that satisfies the electrical circuit laws, before mov-
ing on to the next time step and repeating the solution
exercise, as the circuit voltages progress with time. The
time-steps must be small enough for the changes 1n the
voltages and currents in the circuit to be small, enabling
accurate approximations to the time derivatives to be cal-
culated, for solving the differential equations.

While these time-domain models may be accurate 1n their
descriptions of device behavior, 1n a circuit they will present
the stmulator with many nonlinear equations to solve. This
can lead to the time-consuming convergence difliculties
alluded to earlier, for complex circuits or systems of com-
ponents. More eflicient circuit solution techniques have been
developed to deal with specific circuit and system design
problems. For example, the time domain solution method
can be meflicient for high frequency signals, the time-steps
must be a tiny fraction of the signal cycle to permit the
simulator to converge. This 1s particularly true for large-
signal analysis where high-order harmonics of the dnive
signal are created by the nonlinear devices and sub-circuits.
The simulator time-step must be a small fraction of the
highest frequency component under consideration. This can
result 1n very long simulation times.

An alternative method, called harmonic balance (HB) 1s
often used for simulations of microwave and wireless cir-
cuits and systems 1n the frequency domain. In this method,
the voltages and currents in the circuit at each frequency
component of the signal are calculated, and solved for each
frequency component that 1s present. This 1s a truly nonlin-
car simulator, since the nonlinear devices and components
generate harmonic and intermodulation signal components,
and the eflects of these are solved at each frequency. Since
generally the number of frequency components 1s quite
small, this solution method can offer savings 1n the amount
of time needed to solve the nonlinear equations describing
the circuit. This method, however, only solves for steady-
state conditions and hence periodic or quasi-periodic sig-
nals.

Modermn communication systems utilize complicated cir-
cuits that are stimulated by complex signals. The signals are
typically a high frequency ‘carrier’ signal, which 1s modu-
lated by a complex information signal. Such signal combi-
nations are diflicult to solve using either time-domain or HB
techniques alone. The carrier 1s best suited to HB, and the
information signal, or envelope, 1s amenable to solution 1n
the time domain, since the modulation frequencies are
relatively low: the two signal are said to have very diflerent
timescales.

A class of simulators known as ‘transient envelope’ simu-
lators has been developed to solve these problems, essen-
tially by splitting the signal up into carrier and modulation
signals, and solving the circuit equations for each appropri-
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ately, as indicated above, and coupling the solutions to
ensure convergence of the overall solution. For example,
U.S. Pat. No. 5,588,142 teaches a simulator for simulating
circuits that are stimulated with a signal that 1s represented
as a plurality of carriers that are modulated by slowly
varying signals.

Transient envelope simulators assume that a model 1s
available for each circuit component in the circuit being
simulated. This will be the true if the circuit component 1s
one of the elementary components, 1.e, resistors, capacitors,
diodes, etc, i the simulator component library. If the
component 1s constructed from a reasonably small number
ol elementary components having models 1n the simulator
library, this condition can also be satisfied by replacing the
circuit component by a description that defines the circuit
component 1n the elementary components of the library, and
then requiring the simulator to simulate both the circuit
component in question and the larger circuit in which 1t
performs as 1f the combination were one large circuit con-
structed from the library components.

Unfortunately, this solution 1s not always possible. For a
complex circuit, the number of elementary components may
be too large to allow the simulator to compute a solution. In
this regard, it should be noted that the simulator utilizes an
iterative process to simulate the circuit, and hence, the
number of simulations of the circuit element needed to use
this approach can be prohibitively large 11 the circuit element
contains a large number of components and 1s to be simu-
lated from “‘scratch” at each 1teration.

In addition, there are cases in which the circuit being
simulated 1s provided as a “black box” from a manufacturer
or the elementary components from which the circuit is
constructed are being operated 1n a range for which valid
models are not available. In either case, a model for the
component that 1s adapted for use in the circuit simulator
must be provided for the user.

SUMMARY OF THE INVENTION

The present invention includes a method for generating a
model of a circuit having an input port and an output port.
The method determines an amplitude for current leaving the
output port at a frequency w, when a signal that includes a
carrier at w, modulated by a signal V () 1s input to the input
port, wherein w, 1s a harmonic of w; The determined
amplitude 1s used to determine values for a set of constants,
a”, such that a function ,(V,a*) provides an estimate of the
current, I,(t), leaving the output port at a frequency w, when
a signal having the form

V() = Re Z Vi (Dexp(jw, 1)
k=1.H

1s input to the input port. Here V(1) 1s a component of a set
of values V. The f,(V,a") are used to provide a simulator
component adapted for use 1 a circuit simulator. The
simulator component has a first stmulator iput port and a
simulator output port, the component returning a value,
f.(V,a"), via the simulator output port when the simulator
provides values for V at the first simulator input port for at
least one value of k. In one embodiment, the amplitude 1s
determined by applying an electrical signal to the circuit and
measuring a signal at the output port. In another embodi-
ment, the amplitude 1s determined on a circuit simulator by
simulating an electrical signal 1s applied to the circuit. The
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model may be used in a transient envelope simulator. The
functions f,(V,a") are evaluated by a neural network that was
trained with a training set includes the determined amplitude
in another embodiment of the invention. In another embodi-
ment, the functions f(V,a") include weighted sums of basis
functions. In an embodiment in which the functions f,(V,a*)
further depend on mputs derived from V that are not
provided directly by the simulator in which the model 1s to
function, the simulator component further includes a second
simulator mput port and a computational component having
a component mput port and a component output port, the
component input port 1s connected to the first simulator
input port and/or the simulator output port and the compo-
nent output 1s connected to the second simulator input port,
the computational component generating the inputs that are
derived from V and/or the I,(t) on the component output port
when the mput port receives a signal specitying V. The
computational component can be implemented as a circuit
component from a simulator component library.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates the experimental setup used to generate
the test data used 1n one embodiment of the present inven-
tion.

FIG. 2 illustrates a model 1s augmented to provide cal-
culated inputs.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS OF T
INVENTION

T
T

The present invention provides a method for defining a
model, and extracting parameters used in the model, of a
circuit from the outputs of that circuit when the circuit i1s
stimulated with known signals. In general, the test signals
extend over a suflicient time period to measure eflects at
both the long and short time scales associated with the
circuit. The model 1s well adapted for use in a transient
envelope simulator 1n that it accepts as mputs the quantities
that are naturally provided by such a simulator. Once the
model 1s completed, the model can be used within the
simulator to simulate the circuit under different input signal
conditions than those used to build the model. In addition,
the transient envelope simulator can simulate larger circuits
that include the model as a component thereof.

The present invention can be more easily understood by
first reviewing the manner 1 which a transient envelope
simulator operates. A circuit that 1s to be simulated 1s
described by nodes that connect the various circuit elements.
The simulator solves the circuit equations to provide the
voltages and currents at each node as a function of time. In
a transient envelope simulator, the signals applied to a circuit
clement at a particular port of that element are described 1n
terms of the generally time-varying complex amplitude of
cach of a number of harmonics. The circuit element 1is
represented by a subroutine that accepts these amplitudes as
inputs and returns the current generated by the circuit
clement at each of the harmonics 1n question on each of the
ports of the circuit.

A behavioral model according to the present mnvention 1s
a subroutine that accepts the amplitudes at each of a number
of harmonics and generates the currents leaving the circuit
at each of these harmonic frequencies on each of the circuits
ports. The manner 1n which the model 1s built can be more
casily understood with reference to a simple circuit having
one input port and one output port. The generalization of the
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method of the present invention to circuits having multiple
input and output ports will be discussed 1n more detail
below. Retfer now to FIG. 1, which 1llustrates an experimen-
tal setup that can be used to generate the data on which the
model 1s based. The circuit element 12 to be modeled

receives a test signal V(1) from a signal generator 10. The

output of the circuit, I(t), when the circuit 1s stimulated by
V(1) 1s recorded by an analyzer 14. It 1s assumed that V(t)
and I(t) can be written in the form:

V(D) = Rez Vi (Dexp(jw, 1) (1)
k

I(7) = REZ I (Dexp(jw, 1) (2)
&

where V, (1) and I.(t) are slowly varying functions of t. In
other words, the mput and output signals are constructed
from slowly modulated carriers.

Given the observed I(t), the slowly varying components
[,(t) can, for example, be obtained by filtering I(t) with
narrow band filters centers around w, for each value of k. To
simplily the measurement process, 1n one embodiment of
the present invention, a number of simple V(1) signals are
used to stimulate the component. Each input has a single
carrier that 1s modulated by slowly varying signal. That 1is,
only one of the V (1) functions 1s different from zero. It
should be noted, however, that a single carrier can excite
output currents at the input frequency as well as frequencies
that are diflerent from that frequency. Hence, the I.(t)
functions must be obtained for each harmonic even when the
input has only one harmonic.

(Given the observed values for I.(t) and the known V (1),
the model generator 16 constructs a model that 1s suitable for
use 1n a circuit envelop simulator. That 1s, given a new input
signal characterized by modulation amplitudes, V', (t), the
model will provide an approximation to the amplitudes,
[',(t), of the output signal that would be generated with this
new 1nput at each harmonic. It should be noted that the
carrier frequencies associated with the new 1mput and output
signals may be different from those used to analyze the
circuit component.

Since such simulators are known to the art, they will not
be discussed 1n detail here. The reader 1s referred to U.S. Pat.
No. 5,588,142, which 1s hereby incorporated by reference,
for a detailled description of such a simulator. For the
purposes of the present discussion, it 1s suflicient to note that
a circuit envelop simulator 1s provided with code that
describes the behavior of each circuit component that is
connected to each of the nodes 1n the circuit being simulated.
The code describing the circuit elements must provide the
contribution, I.(t), of that circuit element at each of the
carrier frequencies 1n the output signal from data provided
by the simulator that specifies V(1) at the input to the
clement for 1, k=1 to H. Here, H 1s the number of harmonics
in the iput and output signals. In the general case, I,(t) may
also depend on values other than the current V (t) values
such as previously calculated values of the 1 (t) or previous
values of V (t). That 1s, the model may utilize values 1(t-d)
or V (t-d) when computing I (1) from V (t). For example, I,(t)
may depend on the first time derivative of V (1), which, in
turn, 1s computed from previously received values of V (t).
Similarly, I,(t) may depend on previously calculated values
of the I(t) or the derivatives thereof, including higher order
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time derivatives. The manner in which the present invention
provides these other signal values will be discussed in more
detail below.

Accordingly, the present invention provides the functions
[.(t) mm a form that 1s consistent with that required by the
circuit envelope simulator. That 1s, a model according to one
embodiment of the present invention receives as inputs the
V() for ;=1 to H on an input port. The present invention
then uses these mputs to provide I(t), for j=1 to H, as
outputs.

The present invention constructs the model 1n question by
specifying an explicit or implicit functional relationship for
cach I, (t) that includes a number of constants that are
determined from the observed values of I(t) and V (1)
obtained from the test data, and various other parameters
such as the derivatives mentioned above each of the har-
monics. To simplily the following discussion, each param-
eter on which [, (t) can depend will be denoted by the
component of a set or vector x. For example, the first H
components of x can be the values of V (t) for j=1 to H, the
next H components of x could be the first derivatives with
respect to time of the V (1), and so on. In this notation,
I (t)=f,(x,a") where a* is a set of constants that are deter-
mined from the experimentally observed values I(t) and
V() 1n the testing phase discussed above. It should be noted
that f,(x,a%) is a complex-valued function. Denote the num-
ber of components in the vectors a*, by M.

For a given value of t, the measured values of I, (t) and the
other parameters 1n X provide one “training sample™. That 1s,
the measurements at time each time provide a training point
consisting linking one value of x to one set of I, values
associated with that value of x. Each test signal provides a
number of such of such training points. In addition, addi-
tional test signals can be utilized to increase the number of
training points.

In one embodiment of the present invention, the set of
training points 1s used to train a neural network. Since neural
networks are known to the art, they will not be discussed in
detail here. For the purposes of the present discussion, 1t 1s
suflicient to note that the training process defines values for
a number of weight parameters within the neural network.
These parameters are examples of the vector a* discussed
above. Once the neural network has been trained, it can be
tested with additional training points to verity that the neural
network 1s providing the correct I, values for each input
vector X.

In another embodiment of the present invention, a gen-
eralized function is used for the f,(x, a*). There are many
general functions that can be written in terms of such
constant vectors and, hence, can be used to model the
functions f,(x, a*). For example, f(x,a") can be written as an
expansion 1n an orthonomal basis of the form

M (3)
fule,d) = > af By(x)

i=1

Here, the tunctions, B, (x), are the orthonormal basis func-
tions. The parameter, a*, is the i’ component of the vector
a® and is determined from the measured values for I,(t) by
fitting the observed set of values from the testing phase to
the function shown 1n Eq. (3). Any one of a number of basis
function sets can be utilized for the expansion shown in Eq.
(3). Furthermore, different basis functions can be utilized for
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different values of k. Since such data fitting procedures are
known to the art, they will not be discussed in detail here.

The above-described embodiments of the present inven-
tion assume that the parameters on which the I, (t) depend are
known. That 1s, the parameters to be included in the vector
x are known. If some knowledge of the circuit elements that
makeup the component being modeled 1s known, methods
for predicting which parameters to include are known to the
art.

If such knowledge 1s not available, the parameters to
include 1n addition to the V. (t) can be determined experi-
mentally by using an over inclusive set of parameters and
observing the quality of the model in predicting the I, (t)
when new test signals are applied. If a satisfactory fit 1s
obtained, the list of parameters can be selectively reduced
and the process repeated to determine which parameters are
not really needed. If a satisfactory fit 1s not obtained,
additional parameters can be added or a diflerent basis
utilized.

As noted above, transient envelope simulators normally
provide the V, values to the model at each time point being
processed by the simulator. However, the list of potential
parameters for X includes many additional parameters. For
example, the time dertvatives of V(1) may also be required.
That is, f,(x,a*) can be written in the form f,(V,y,a"), where
y 1s a set of mputs that are not directly provided by the
simulator. In these cases, a method for obtaining the param-
eters that are not provided directly by the simulator must be
included. The 1nput variables that are not directly provided
by the stimulator will be referred to as the “calculated inputs™
in the following discussion. The inputs variables that are
directly provided by the simulator will be referred to as the
“provided inputs”. Providing additional routines that gener-
ate the calculated inputs from the V, can provide the
calculated 1nputs within the model.

Alternatively, the model elementary component routines
included 1n the simulator’s library to perform the computa-
tions. In one embodiment of the present invention, these
calculated inputs are provided by adding circuit components
that convert the provided inputs to the calculated inputs. The
calculated 1inputs are then provided to the model through one
or more internal ports. The set of functions f(x, a*) dis-
cussed above will be referred to as the core model.

Refer now to FIG. 2, which illustrates the manner 1n
which the core model 1s augmented to provide the calculated
inputs. For the purposes of this example, assume that the
calculated inputs consist of the time derivatives of the V, or
and or the I,. The core model 535 1s defined to have two 1mput
ports shown at 50 and 51 and one output port 60. The input
vector X 1s divided 1nto the provided mnputs and the calcu-
lated 1mputs. The provided mputs are sent to the core model
through port 50. Port 50 1s also connected at node 71 to a
circuit element 72 that converts one or more of the provided
inputs to one or more of the calculated mputs which are
received by the core model on port 51. For example, 1n the
case 1n which the calculated inputs are the time derivatives
of the V (1), circuit element 72 could be a capacitor 1n series
with port 51. Similarly, circuit element 72 can include an
inductor for generating the time derivatives of the I.(t)
leaving the output port. Since capacitors are known to
differentiate a signal, the outputs of the capacitor at the
various harmonics are the needed time derivatives.

In this example, the simulator simulates an augmented
circuit with the augmenting elements being elements that are
defined 1n the simulator’s library. Similarly, delay elements
can be utilized to provide previous values of both the V,
dependent quantities and I, values and their derivatives for

10

15

20

25

30

35

40

45

50

55

60

65

8

previous time points. If some specific function 1s needed that
1s not readily computed using the elementary functions 1n
the simulator’s library, a model for that function can be
generated and placed in the library.

The analyzer shown 1n FIG. 1 can, in principle, generate
the model of the component. However, given the computa-
tional complexity of the fitting process, the data collected by
the analyzer will normally be transported to a general-
purpose data processing system to {it the data.

The above-described embodiments have utilized experi-
mental measurements of the properties of the circuit that 1s
to be modeled. However, 11 the circuit in question consists
of known components having models 1n a circuit simulator,
the measurement process can be simulated to provide the
data on which the model 1s based. Such simulations are
particularly useful for generating a more computational
ellicient model for the circuit when the circuit 1s used as an
clement 1n more complicated circuits. Once the parameters
that define the present mnvention have been computed, the
time needed for the present invention to provide an output
from a specified mput signal can be a much faster that the
time needed for a simulator to solve the problem starting
from “‘scratch”. Hence, subsequent simulations can be com-
putationally much more eflicient.

In addition, the present invention provides a convenient
method for providing a model of a circuit without disclosing
the details of the circuit. This feature provides a means for
a manufacturer to protect trade secrets while still being able
to sell packaged components containing the circuit. In this
case, the manufacturer need only provide the model param-
eters and the basis functions or neural network that 1s used
in the model to the user. The user can then simulate circuits
that incorporate the packaged component on a transient
envelope simulator to perfect the designs of those circuits.
Since the circuit design 1s not easily inferred from the model,
the distributed model does not compromise the manufactur-
er’s proprietary design.

The above-described embodiments of the present mnven-
tion have been explained in terms of a simple circuit having
a single input port and a single output port; however, the
present mnvention can be applied to circuits having multiple
input and output ports. In this case, the I, (t) and V (t)
functions described above are replaced by V, (1) and L7 (1)
where p 1s the port number. A function {,”(x, a) 1s then
derived for each output port in a manner analogous to that
described above. In such cases, the vector x will, 1n general,
include V 2(t) and 1,7(t) terms for all the ports.

The above description has referred to mput signals that
are voltages and output signals that are currents. While this
1s a common formulation of the simulation problem, it
should be noted that the inputs can be currents, voltages, or
mixtures ol currents and voltages that are different for the
various ports. Sumilarly, a given port may have an output
signal and an mput signal. Hence, the terms input and output
signal are not limited to voltages and currents respectively.

Having provided a number of simplified examples of the
method of the present invention, a more general description
of the method will now be given. Consider a device that 1s
to be simulated. It will be assumed that the device has a
number of ports on which 1t can receive stimuli and provide
output signals. The first step in the modeling process 1s to
use either physical equipment such as signal generators and
analyzers or a simulation environment to measure the
response of the device when a set of signals 1s applied to one
or more ports of the device. These signals could be a single
frequency carrier with analogue or digital modulation, or
multi-tone carriers including a plurality of sinusoids. In
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practice, the actual signals are likely to be the ‘incident” and
‘reflected” power waves, measured by the RF/microwave
test equipment. The power waves are transiformed linearly to
port voltages and currents. If the “measurements™ are per-
formed 1n a simulator, the voltages and current can be
provided directly by the simulator.

For the purposes of analyzing the signals, the stimulus 1s
defined to be the voltage at each port, and the response 1s
defined to be the current. The stimulus and response may
include signals at the original stimulation frequencies as
well as harmonic and intermodulation components of these
frequencies. The measured signal amplitudes are expressed
as functions that vary in time, i.e., the VZ(t) and I*(t)
described above. Here, p 1s the port number, and k 1dentifies
the harmonic at which the amplitude 1s measured.

Next, a core model that depends on the observed quan-
tities and a number of constants that are determined from the
measured data 1s defined. For example, each I, can be a
function of one or more ot the V #(t) where p can take on any
port value and 1 can take one any of the harmonic values.

In addition, each I,* can be a function of the first and
higher order time derivatives of the I, where p and k can
take on any of the values for which these quantities are
defined. It should be noted that other transforms of the mnput
or output variables, such as time delays can be used instead
of the derivatives.

The required inputs are then separated into provided
iputs and calculated inputs as described above. One or
more additional ports are provided for recerving the calcu-
lated 1nputs. Circuit elements that convert the provided
inputs to the calculated mputs are then added between the
original mput port on which the provided inputs were
received and the additional ports. This augmentation of the
core model then forms the model given to the transient
envelope simulator.

Various modifications to the present imvention will
become apparent to those skilled 1n the art from the fore-
going description and accompanying drawings. Accord-
ingly, the present mvention 1s to be limited solely by the
scope of the following claims.

What 1s claimed 1s:

1. A method for operating a computer to generate a
simulator component that models a first circuit having an
input port and an output port i a circuit simulator, said
circuit simulator providing a simulated signal comprising a
modulated carrier to said simulator component and gener-
ating an output indicative of the behavior of a second circuit
that contains said first circuit when such a modulated carrier
1s mnput to said input port, said method comprising;
determining an amplitude for a current leaving said output
port of said first circuit at a frequency m, when a signal
comprising a carrier at w, modulated by a signal V (t)
1s input to said mput port, wherein o, 1s a harmonic of
G and

using said determined amplitude to determine values for
a set of constants, a*, such that a function f(V,a®)
provides an estimate of the current, I.(t), leaving said

output port at a frequency w, when a signal having the
form

Vi) =Re Vi (Dexp(jw, 1)

k=1.H
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1s iput to said mput port of said first circuit by said circuit
simulator, where V,(t) 1s a component of a set of values V,
wherein H 1s an iteger greater than O; and

wherein said simulator component has a first simulator
input port and a simulator output port, said simulator
component returning a signal value determined by said
f,(V,a), via said simulator output port to said circuit
simulator when said circuit simulator provides values
for V at said first simulator input port for at least one
value of k.

2. The method of claim 1 wherein said simulator com-
ponent also return a value equal to f,(V,a") via said simulator
output port when said circuit simulator provides values for
V at said first stmulator mput port for at least two values of

k.

3. The method of claim 1 wherein said amplitude 1s
determined by applying an electrical signal to said circuit
and measuring a signal at said output port.

4. The method of claim 1 wherein said amplitude 1s
determined on a circuit simulator by simulating an electrical
signal being applied to said circuait.

5. The method of claim 1 wherein said circuit simulator 1s

a transient envelope simulator.

6. The method of claim 1 wherein said set of constants, a",

1s determined by a neural network that was trained with a
training set comprising said determined amplitude.

7. The method of claim 6 wherein f,(V,a*) comprises a
weighted sum of basis functions.

8. The method of claim 1 wherein f,(V,a") further depends
on an mput derived from V and wherein said simulator
component further comprises a second simulator iput port
and

a computational component having a component input
port and a component output port, said component
input port being connected to said first simulator mput
port and said component output port being connected to
said second simulator mput port, said computational
component generating said mput derntved from V on
said component output port when said second simulator
iput port receives a signal specifying V.

9. The method of claim 8 wherein said input generated by

said computational component further depends on the time
dertvative of I, (t) for at least one value of k.

10. The method of claim 8 wherein said computational

component comprises a circuit component that 1s provided
in a simulator component library.

11. A method for operating a computer to generate a
simulator component that models a first circuit having an
input port and P output ports 1mn a circuit simulator, said
circuit simulator providing a signal comprising a modulated
carrier to said simulator component, where P>1, said method
comprising:

determining an amplitude for a current leaving each

output port of said first circuit at a frequency w, when
a signal comprising a carrier at @, modulated by a
signal V (t) 1s 1nput to said input port, wherein w, 1s a
harmonic of w;; and

using said determined amplitude to determine values for

a set of constants, #a*, such that a function ¥ (V,a")
provides an estimate of the current, I, (t), leaving said
P? output port at a frequency m, when a signal having
the form
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V(r) = Re

[

Vi (Dexp(jw, 1)
k=L.H

1s mput to said mput port of said first circuit, where V (1) 1s
a component of the set of values V; wherein H 1s an integer
greater than O; and
wherein said simulator component has a first simulator
input port and P simulator output ports, said simulator

12

component returning a value determined by #,(V,a"),
via said p” simulator output port when said circuit
simulator provides values for V at said first simulator
input port for at least one value of k and p, said
simulator component allowing said circuit simulator to
provide an output indicative of the behavior of a second
circuit containing said first circuit.
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